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ABSTRACT
C-isotope and 87Sr/86Sr values for ﬁve carbonate successions from the São Caetano Complex, northeastern
Brazil, were used to constrain their depositional age and to determine large variations in the C- and Sr-
isotopic composition of seawater under the framework of global tectonic events. Three C-isotope stages were
identiﬁed from base to top in a composed chemostratigraphic section: (1) stage in which δ13C values vary
from +2 to +3.7◦/◦◦ PDB and average 3◦/◦◦ PDB, (2) stage with δ13C values displaying stronger oscillations
(from −2◦/◦◦ to +3◦/◦◦ PDB), and (3) stage with an isotopic plateau with values around +3.7◦/◦◦ PDB.
Constant 87Sr/86Sr values (∼ 0.70600) characterize C-isotope stage 1, whereas slightly ﬂuctuating values
(from 0.70600 to 0.70700) characterize C-isotope stage 2. Finally, 87Sr/86Sr values averaging 0.70600
characterize C-isotope stage 3.
TheC- andSr- chemostratigraphic pathways permit to state: (a) theC- andSr-isotope secular curves registered
primary ﬂuctuations of the isotope composition of seawater during late Mesoproterozoic- early Neoprotero-
zoic transition in the Borborema Province, and (b) onset of the Cariris Velhos/Greenville cycle, widespread
oceanic rifting, continental magmatic arc formation and onset of the agglutination of Rodinia supercontinent,
mostly controlled the C- and Sr-isotope composition of seawater during the C-isotope stages 1, 2 and 3.
Key words: C-isotopes, Meso-Neoproterozoic, chemostratigraphy, Borborema Province, Northeastern
Brazil.
INTRODUCTION
Well-constrained C- and Sr-isotope chemostrati-
graphic data for Proterozoic limestone sequences
have been used to detect changes in the geochemical
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composition of ancient seawater and their possible
causes (Jacobsen and Kaufman 1999, Bartley et al.
2001, Lindsay and Brasier 2002). Changes in the
C- and Sr-composition of the Proterozoic seawater
result from the net interaction of several endogenic
and exogenic mechanisms, among which tectonic
activity, biologic radiations and amazing climatic
changes are of remarkable importance (Melezhik et
al. 1997, Brasier and Lindsay 1998, Hoffman and
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Schrag 2002, Bekker et al. 2003).
The Mesoproterozoic - early Neoproterozoic
chemostratigraphic record has been a topic of con-
tinuous discrepancies among geologists given that
the lack of well-preserved stratigraphic sections has
not permitted the achievement of a well-constrained
geochemical database. Few works (e.g Knoll et al.
1995, Hall andVeizer 1996, Frank et al. 1997, 2003,
Kah et al. 1999, 2001, Santos et al. 2000, Bartley
et al. 2001, Azmy et al. 2001, Maheshwari et al.
2002, Bartley and Kah 2003) have supplied reliable
chemostratigraphic information for the construction
of well constrained C- and Sr-isotope secular varia-
tion curves. Therefore, establishing factors that af-
fected the seawater geochemistry during this time
span has remained difﬁcult. Based on the avail-
able data, it has been proposed that the early Meso-
proterozoic C- and Sr- isotope composition of sea-
water remained in an apparent long-lasting steady
state (Buick et al. 1995, Brasier and Lindsay 1998),
while the middle-late Mesoproterozoic- early Neo-
proterozoic composition of seawater seems to have
registered stronger perturbations in the geochemical
cycles as a result of miscellaneous factors (Brasier
and Lindsay 1998, Kah et al. 1999, Bartley et al.
2000, 2001, Bartley and Kah 2003, Frank et al.
1997, 2003).
The São Caetano Complex (SCC) marble se-
quences, located in the Transversal Domain of the
Borborema Structural Province (BSP), northeastern
Brazil (Fig. 1), is a good candidate to unravel the
above mentioned chemostratigraphic problems, al-
though its sedimentation and metamorphism ages
have been poorly constrained. This work aims at:
(1) indirectly constrain the depositional age of the
SCC, by comparing its C and Sr-isotope chemo-
stratigraphic curves with previously calibrated ones
from other sequences worldwide, (2) enhance the
global C- and Sr- isotope stratigraphy database for
the lateMesoproterozoic- earlyNeoproterozoic time
span and (3) contribute to explain on how major tec-
tonic events produced main C- and Sr- isotope per-
turbations in the ocean water geochemistry during
this period of the Earth’s history. Finally, since our
isotopic database published in this work was ob-
tained from marble sequences (amphibolite facies),
it is also aimed to assess how metamorphism may
have affected the original C- and Sr- isotope com-
position of SCC carbonate sequences.
GEOLOGIC SETTING AND AGE
The São Caetano Complex (SCC) is located in the
Alto Pageú Terrane (APT), Transversal Domain of
the Borborema structural province (BSP), north-
eastern Brazil (Fig. 1). It is a metavolcano-sedi-
mentary sequence characterized by garnet-biotite
paragneiss, quartzite, marble, metapelite, metagray-
wacke, metadacite, metarhyolite, and metabasalt,
metamorphosed in the amphibolite-facies during
late Neoproterozoic (0.75-0.5 Ga.; Brito Neves et
al. 2000).
This complex is associated to metavolcanic se-
quences and MORB maﬁc-ultramaﬁc suites (e.g.
Riacho-Gravata belt and Serrote das Pedras Pretas
complex), which are interpreted as part of a mid-
oceanic rift sequence developed at ∼ 1.05 Ga (Van
Schmus et al. 1995), and intruded by early and mid-
dle Neoproterozoic plutons (Brito Neves et al. 2000
and references therein). The SCC is also associ-
ated to some marine Neoproterozoic metasedimen-
tary sequences (Cachoeirinha Complex), but ﬁeld
relationships between them are not conclusive.
No agreement on the stratigraphic position of
the SCC has been reached thus far. The lack of
high-resolution stratigraphic information has made
its temporal characterization difﬁcult, leading to
several stratigraphic proposals. Despite the SCC
has been strongly affected by regional shear zones
and has been extensively intruded by Neoprotero-
zoic plutonic suites during the Cariris Velhos cy-
cle (0.96-0.95 Ga; Kozuch unpublished data), and
Pan-African/Brasiliano orogeny (Brito Neves et al.
2000), the marble successions studied here have
thicknesses and extensions that can assure their re-
gional character.
The studied SCC marble successions are
mainly calcitic and contain silicate mineral assem-
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Fig. 1 – Geologic map of the studied area. Numbers represent the location of the stratigraphic sections: 1. Pedra de Cal, 2. Santa
Rosa, 3. Malutagem, 4. Rodiador. Tectonic terranes map are from Ferreira et al. (1998). Geologic map modiﬁed from Gomes (1999).
blages typical of amphibolite facies (diopside-
tremolite-muscovite-garnet). These marbles con-
tain considerable amounts of graphite, which are
disposed in layers and present different cyclic path-
ways (Fig. 2). They are interbeddedwith siliciclastic
successions, and their thickness diminishes upward
section. In spite of strong folding and shearing to
which the SCChas undergone, themarble sequences
seem to have preserved original stratigraﬁc polarity.
This is corroborated by the presence of non-mimetic
chemostratigraphic pathways as discussed below.
The age of the SCC is poorly constrained. The
oldest age (> 1.3 Ga.) ascribed to this complex
was inferred from sedimentary zircons of Archean
to Late Mesoproterozoic collected from siliciclastic
successions in the uppermost portion of the SCC
An Acad Bras Cienc (2005) 77 (1)
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A B
Fig. 2 –A. Marble succession presenting cyclic graphite-rich layers (Pedra de Cal section). B.Amphibolite
layer interlayered with marbles in the Pedra de Cal Section. The white rectangle is 40 cm long.
(Brito Neves et al. unpublished data). The youngest
age for this complex was assumed from a 0.96 Ga
(U-Pb) age determined for a granodioritic-biotite or-
thogneiss that intruded the siliciclastic successions
overlying the studied marbles (Kozuch unpublished
data).
MATERIALS AND METHODS
Marble samples were thin-sectioned in order to de-
termine their petrographic characteristics and to
evaluate whether silicate phases or graphite had
some effect on the isotopic record. Determinations
of minor and major elements were performed us-
ing X-Ray ﬂuorescence to support the petrographic
analyses and to further evaluate post-depositional
alterations. These analyses were performed in a
Rigaku RIX 3000 XRF unit, equipped with an Rh
tube, at the XRF laboratory, Department of Geol-
ogy, Federal University of Pernambuco. Analyses
of major and minor elements are reported in parts
per million (ppm).
For C- and O-isotope analyses, powdered car-
bonate samples were reacted with 100% orthophos-
phoric acid during 12 hours at 25◦C. The CO2 re-
leased from this reaction was extracted in a high-
vacuum extraction line by using cryogenic cleaning
according to the method proposed by Craig (1957).
The CO2 samples were analyzed for C and O- iso-
topes in a multi-collector double-inlet gas source
mass spectrometer (Sira II), at the Stable Isotope
Laboratory (LABISE), Department of Geology,
Federal University of Pernambuco. The isotopic
composition were contrasted against the in-house
standard Borborema Skarn Calcite (BSC), which
calibrated against the NBS-18, NBS-19 and NBS-
20 standards, shows an isotopic composition of
δ18O = −1.28 ± 0.04◦/◦◦ PDB and δ13C = −8.58 ±
0.02◦/◦◦ PDB. Results are reported in the interna-
tional δ◦/◦◦ (delta permil) notation respect to the
PDB scale.
For determination of the Sr-isotopic compo-
sition, 5 mg of powdered carbonate sample were
dissolved in 0.5M ultraclean acetic acid for leach-
ing, and centrifuged to obtain puriﬁed Sr. Rb and
Sr were separated from the leached solutions by
standard ion-exchange techniques. Following, 500
to 1000 ng of puriﬁed Sr were loaded onto Ta ﬁl-
ament, along with 1µm H3PO4, for TIMS anal-
ysis, in a seven collector Mat 262 instrument at
the Geochronology Laboratory, Institute of Geo-
sciences, University of Brasilia.
CONSTRAINING POST-DEPOSITIONAL
ISOTOPIC ALTERATION
C- and Sr-isotope composition of marine carbon-
ate materials has been successfully used to deter-
mine changes in the geochemistry of ancient oceans
(Veizer and Hoefs 1976). Nevertheless, diagenesis
and/or metamorphism have been considered as po-
tential processes capable to cause post-depositional
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alteration of the original C- and Sr-isotope signa-
tures. When submitted to either one of these pro-
cesses, carbonates undergo textural, mineralogical
and geochemical alterations; favored by (1) pres-
ence of C- and/or Sr- bearing minerals, (2) presence
of intergranular or intercrystalline ﬂuids, whose C-
and Sr-isotope compositions differ from that of the
carbonate, (3) abundance of primary elements into
the carbonate lattice, and (4) extent of the water-
rock interaction during precipitation, deposition and
post-depositional processes (Brand and Veizer
1980a,b, Banner and Hanson 1990, Kaufman et
al. 1991).
The presence of silicate minerals and/or
graphite has been considered as a potential factor
capable of generating post-depositional change of
the original C-isotope signature of carbonates, lead-
ing to depletions of their δ13C values (Shieh and
Taylor 1969). It has been also determined that the
presence of silicate minerals affect the original δ18O
and 87Sr/86Sr signatures as well (Chacko et al. 1991,
Valley and O’Neil 1981,Valley 2001). Additionally,
it has been established that paired depletions in δ18O
and δ13C chemostratigraphic trends can be expected
during post-depositional isotopic alteration.
In order to determine post-depositional alter-
ation and discriminate altered samples, which can
yield erratic chemostratigraphic pathways, a petro-
graphic characterization of the carbonates samples
was performed. In general, studied marbles present
coarse-grained calcite (0.8 to 4 mm). Graphite con-
tents vary between 0 and 8% and present a gen-
eral coarsening up tendency (grain sizes from 0.1 to
2 mm). It is either randomly disposed in layers or
in disseminated form. Silicate phases (quartz, mus-
covite, tremolite, and diopside) are no representative
(Fig. 3). No dissolution or exsolution textures were
found, except when calcite crystals are in contact
with graphite.
Given to the presence of graphite and silicate
minerals in the SCC marbles, δ18O, δ13C and
87Sr/86Sr data were cross-plotted and examined
against some other geochemical tracers to determine
possible post-depositional modiﬁcations (Fig. 4).
Besides, the δ13C and δ18O secular variation curves
were contrasted against the presence of graphite and
silicate minerals (Figs. 5, 6). No paired depletions
were identiﬁed and no relationship was found be-
tween presence of silicateminerals and anomalously
depleted isotopic values (Fig. 6). Depletions in the
δ13C occur independently of the presence and varia-
tions in the percentage of silicateminerals and an op-
posite behavior was observed when comparing the
δ13C curve with the graphite content one. In general
depletions on the δ13C values accompany increases
in graphite content and size, in sectors where the
graphite occurs accumulated in layers (Figs. 5, 6).
Other geochemical parameters were used to
further investigate post-depositional alterations, fol-
lowing methods proposed by Derry et al. (1992),
Kaufman et al. (1991, 1993) and Kaufman and
Knoll (1995) (Table I, Fig. 4). Sr contents vary-
ing from 552 to 2487 ppm and averaging 1500 ppm,
as well as Mn/Sr ratios varying from 0.006 to 0.140,
and Rb/Sr ratios between 0 and 0.005, were found
in the SCC marbles. These values perfectly meet
the unaltered ratio ranges proposed by Bartley et al.
(2001) for unaltered limestone sequences in Siberia,
and are in close agreement with those lying in the
ﬁeld of unaltered samples (Sr contents >1000 ppm)
proposed by Brand and Veizer (1980a). Addition-
ally, most of the obtained Sr values fall within the
unaltered range (1100 and 1400 ppm) that Kah et
al. (1999, 2001) proposed as representative of pris-
tine seawater composition in Meso-Neoproterozoic
limestone sequences located in Canada.
In summary, the elemental composition ofmost
of the analyzed SCC marble samples lies in the
ﬁelds of unaltered rocks (Fig. 4). This indicates
that the original composition of the limestone se-
quences has been preserved and effectively buffered
during early diagenesis by ocean diagenetic ﬂuids,
preventing post-depositional alteration and allow-
ing to low water-rock interaction (W-R) during di-
agenesis and metamorphism. However, few post-
depositional modiﬁcations of the C-isotope record
were found for samples with high graphite content.
Carbonate samples with anomalously negative
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Fig. 3 – Main petrographic characteristics of the SCC marbles. Thin sections from the Pedra de Cal (A),
Malutagem (B), Rodiador (C) and Santa Rosa (D) sections. Calcite (Ca), quartz (Qz), tremolite (Tr), garnet
(Gt), graphite (Gr), muscovite (Mus).
δ13C are thought to be a result of possible
post-depositional alteration due to graphite derived
CO2/CH4 – calcite fractionation during diffusion.
These processes, which have been reported by sev-
eral authors (e.g. Dunn and Valley 1992, Kitchen
and Valley 1995, Satish-Kumar et al. 2002), would
have not effectively altered the whole marble se-
quence due to the low W-R interaction proposed
above. Nonetheless, more analyses and evaluation
are needed to further constrain this process.
CHEMOSTRATIGRAPHY
C-isotope Chemostratigraphy
About 120 samples from ﬁve continuous marble
stratigraphic sections near Flores Town (Pedra de
Cal, Santa Rosa, Rodiador, Malutagem localities)
and near Sitio dos Nunes town, Pernambuco, were
analyzed for C- and O- isotopes (Fig. 1).
The thicker and most complete stratigraphic
section (Pedra deCal locality) consists of 44 samples
that correspond to nearly 110mof continuous proﬁle
(Fig. 5a). The sequence starts with a very oscillating
δ13C pathway, which ﬂuctuates between +2◦/◦◦ PDB
and +3.6◦/◦◦ PDB and presents some depletion to
values around 1◦/◦◦ PDB. Upsection, those values re-
main almost constant, averaging +2.3◦/◦◦ PDB, then
decrease to values as low as −2.2◦/◦◦ PDB and ﬁ-
nally stabilize around −1.5◦/◦◦ PDB. Some positive
shifts (of no more than 0.5◦/◦◦ PDB) are also notice-
able. A positive excursion, from 0 to +1.8◦/◦◦ PDB,
characterizes the upper portion of the section just
before falling to values around 0 and −1◦/◦◦ PDB in
its uppermost portion.
The Malutagem (Fig. 5b) and Sitio dos Nunes
sections (Fig. 5c) display predominantly negative
δ13C values. Both sections start with oscillating
values, in which shifts from −2.6◦/◦◦ PDB to
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TABLE I
Geochemical analyses of representative samples of the studied marble sequences.
SAMPLE Strat. Height δ13C δ18O Graphite 87Sr/ Si Ca Mn Mg Sr Rb Fe
section (PDB) (PDB) (%) 86Sr ppm ppm ppm ppm ppm ppm ppm
SANTROS 1 0 -1.8 -7.2 10
SANTROS 2 0.5 -1.7 -7.4 10
SANTROS 3 6 0.0 -7.3 10
SANTROS 4 7 0.2 -6.8 10 0.70600
SANTROS 5 9 0.3 -8.1 0.5 0 393780 13 6530 1966 10 1200
SANTROS 6 S 9.5 0.3 -7.1 0.5
SANTROS 7 A 10.5 0.9 -6.0 0.5
SANTROS 8 N 12 0.3 -6.6 0.5 0 390090 15 5050 2178 0 1129
SANTROS 9 T 17 -0.6 -5.4 0.5 0.70607
SANTROS 10 A 18 0.4 -5.9 0.5
SANTROS 11 19 1.7 -8.2 0.5
SANTROS 12 20 2.2 -7.7 0.5
SANTROS 13 R 20.5 2.4 -7.3 0.5 0 402850 10 2010 1557 0 384
SANTROS 14 O 21.5 2.2 -7.4 0.5
SANTROS 15 S 23.5 2.4 -7.5 5
SANTROS 16 A 25.5 1.7 -6.8 5
SANTROS 17 27.5 1.4 -7.3 5
SANTROS 18 29.3 2.4 -7.4 0.5 0 396990 10 3290 2006 0 734
SANTROS 19 30.5 2.4 -7.2 0.5
SANTROS 20 33.5 2.7 -7.0 0.5 0.70595
SANTROS 21 38.5 3.0 -8.3 0.5
FLOR 1 0 1.8 -6.4 0 35720 362200 57 3910 1401 10 1792
FLOR 2 0.8 2.7 -6.4 0
FLOR 3 1.6 2.0 -6.4 0
FLOR 4 2.1 3.3 -6.2 2
FLOR 5 3.5 3.6 -5.4 0 0.70597 0 407970 10 1980 1578 0 249
FLOR 6 4.4 3.2 -5.5 0
FLOR 7 5.5 3.1 -6.2 0
FLOR 8 P 6.5 2.0 -6.5 0
FLOR 9 E 7.7 1.9 -6.1 5
FLOR 10 D 8.5 2.0 -6.5 5 0 384250 78 3450 1259 0 1670
FLOR 11 R 10.3 1.2 -5.7 2
FLOR 12 A 11.1 1.6 -6.4 2
FLOR 13 12.1 2.9 -5.6 5
FLOR 14 13.1 3.0 -5.6 5
FLOR 15 D 15.2 3.2 -5.6 0.5 0 405780 11 2040 1572 0 309
FLOR 16 E 16.5 3.2 -5.1 0.5
FLOR 17 18.85 2.4 -5.7 0.5
FLOR 18 20.95 3.0 -5.9 0.5
FLOR 19 C 23.55 2.4 -5.7 0.5
FLOR 20 A 24.55 2.4 -5.7 0.5
FLOR 21 L 34.55 2.2 -5.8 0.5 1044 404050 10 2070 1738 0 515
FLOR 22 37.55 2.5 -8.1 0.5
FLOR 23 41.55 2.3 -6.5 0.5
FLOR 24 43.55 1.2 -5.8 0.5
FLOR 25 53.55 0.1 -4.7 8 5195 483780 24 3870 2487 0 991
FLOR 26 54.75 -0.8 -5.0 8
FLOR 27 55.75 -0.4 -5.6 8
FLOR 28 57.05 -1.6 -5.8 8
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TABLE I (continuation)
SAMPLE Strat. Height δ13C δ18O Graphite 87Sr/ Si Ca Mn Mg Sr Rb Fe
section (PDB) (PDB) (%) 86Sr ppm ppm ppm ppm ppm ppm ppm
FLOR 29 58.55 -2.1 -5.9 8
FLOR 30 P 60.05 -1.4 -6.1 8
FLOR 31 E 62.05 -1.4 -6.5 8
FLOR 32 D 65.05 -1.7 -12.7 8
FLOR 33 R 68.05 0.1 -7.7 8
FLOR 34 A 70.05 -1.3 -13.5 8
FLOR 35 74.05 -1.2 -11.4 5
FLOR 36 76.05 -0.6 -8.8 5
FLOR 37 D 79.05 -1.9 -11.5 5
FLOR 38 E 82.05 -1.3 -7.5 5
FLOR 39 86.05 1.7 -6.0 0 0.70597
FLOR 40 96.05 0.1 -8.9 0
FLOR 41 C 98.05 -0.7 -8.0 0
FLOR 42 A 102.05 -0.7 -8.5 1
FLOR 43 L 105.05 -0.9 -10.2 1
FLOR 44 110.05 -0.8 -7.0 1
ROD 1 0 -1.4 -8.4 13 0.70706 0 345500 21 5990 765 10 1617
ROD 2 10 3.4 -11.1 5
ROD 3 12 3.6 -10.0 5 0 371210 80 4130 1107 10 1234
ROD 4 15 3.2 -7.0 5
ROD 5 20 3.7 -7.6 2
ROD 6 21.5 -1.8 -13.9 10 0.70607
ROD 7 R 22.5 -1.6 -10.8 10
ROD 8 O 24.5 1.9 -7.6 10
ROD 9 D 27 -0.0 -8.5 10 0 377500 9 22580 970 0 493
ROD 10 I 29 -0.9 -10.5 10
ROD 11 A 31 0.1 -8.6 4
ROD 12 D 33 1.5 -6.7 4 0 375130 45 3440 1464 10 1463
ROD 13 O 36 2.1 -6.9 4
ROD 14 R 40 1.7 -6.8 4
ROD 15 44 1.8 -7.1 4
ROD 16 46 2.1 -7.5 3 0.70607
ROD 17 49 2.7 -10.4 13
ROD 18 51 2.5 -6.2 13
ROD 19 56 0.4 -6.7 13
ROD 20 60 -0.5 -7.5 15
MALU 1 0 -0.6 -8.3 2
MALU 2 2.3 -0.9 -9.3 2
MALU 3 3.5 -1.5 -7.0 2
MALU 4 M 5 -0.6 -8.3 5
MALU 5 A 6 0.2 -8.5 0.5
MALU 6 L 8 -0.6 -8.3 5 0 394590 10 10370 822 0 230
MALU 7 U 9.5 -0.4 -9.0 5
MALU 8 T 10.5 0.8 -9.2 5
MALU 9 A 11 -0.4 -11.0 0.5
MALU 10 G 12 2.3 -6.5 0.5
MALU 11 E 12.5 2.2 -7.7 0.5
MALU 12 M 13.5 2.0 -7.8 0
MALU 13 15.5 -0.7 -6.8 8
MALU 14 16 -0.8 -7.0 8
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TABLE I (continuation)
SAMPLE Strat. Height δ13C δ18O Graphite 87Sr/ Si Ca Mn Mg Sr Rb Fe
section (PDB) (PDB) (%) 86Sr ppm ppm ppm ppm ppm ppm ppm
MALU 15 M 16.5 -0.3 -6.9 8 0 400610 29 2900 2142 0 382
MALU 16 A 19.5 0.2 -7.4 8
MALU 17 L 20.5 0.2 -7.6 9
MALU 18 U 21.5 -0.5 -7.5 5
MALU 19 T 24.5 -0.8 -8.1 5
MALU 20 A 25 -1.7 -13.9 5
MALU 21 G 26 -1.7 -13.9 5 0 366180 65 4000 2014 10 5164
MALU 22 E 27 -1.1 -13.8 5
MALU 23 M 28 -0.8 -9.7 5
NUNES 1 0 -2.6 -7.5 10 0 349890 79 6350 1658 22 2201
NUNES 2 1.2 -2.2 -6.0 10 0.70681
NUNES 3 SITIO 2.2 -2.3 -6.5 8
NUNES 4 4.2 -1.4 -9.7 8
NUNES 5 DOS 5.7 -2.1 -6.8 8
NUNES 6 9.2 -2.2 -6.1 8 0 379950 51 10490 552 10 1757
NUNES 7 NUNES 11.2 2.3 -7.5 0.5
NUNES 8 12.7 -1.1 -6.6 8 0.70594 0 363310 38 3930 1968 0 5520
NUNES 9 14.7 -2.1 -8.5 8 0.70696 0 382460 81 6330 574 10 1939
NUNES 10 15.7 -0.9 -8.9 8
∼ +1◦/◦◦ PDB are identiﬁed. This pathway is inter-
rupted by a very pronounced enrichment from −1.5
to +2.5◦/◦◦ PDB, which ﬁnally decreases to values
near −2◦/◦◦ PDB upsection.
TheSantaRosa (Fig. 5d) andRodiador (Fig. 5e)
sections display the most positive δ13C values in
this study. Both sections start with negative δ13C
values, −1.8◦/◦◦ PDB and −1.4◦/◦◦ PDB respectively,
which then increase upsection reaching values as
high as +3.7◦/◦◦ PDB. In the Rodiador section those
positive values sporadically decrease to values near
−1.8◦/◦◦ PDB, which were interpreted as the result
of post-depositional alteration; whereas in the Santa
Rosa section, positive values (+2.7◦/◦◦ PDB) are pre-
served and no shift towards negative values has been
recorded.
Samples with possible post-depositional alter-
ation were discarded (see previous section) and the
δ13C chemostratigraphic pathwayswere used to cor-
relate the stratigraphic sections and to construct a
composite C-isotope variation curve (Fig. 6). The
correlation between stratigraphic sections was per-
formed contrasting C-isotope anomalies. Three C-
isotope stages were identiﬁed: (a) C-isotope stage
1, mostly characterized by the presence of positive
δ13C values (from +2.3 to +3.6◦/◦◦ PDB); (b) C-
isotope stage 2, characterized by a very ﬂuctuating
δ13C pathway, which starts with a large negative ex-
cursion (from∼ +2 to∼ −2◦/◦◦ PDB), then increase
to values∼ +2.4◦/◦◦ PDB, to subsequently shift back
to values near −2◦/◦◦ PDB and to ﬁnally increase to-
wards values around 3◦/◦◦ PDB; and (c) C-isotope
stage 3 that displays a noticeable and constant in-
crease, from ∼ −2◦/◦◦ PDB to ∼ +3.7◦/◦◦ PDB.
The composite chemostratigraphic trends are
accompanied by changes in the chemical and min-
eralogical composition of carbonates. An increas-
ing, upward tendency in the Mg/Ca ratio, accom-
panied by the presence of few silicate phases (pre-
dominantly quartz, muscovite and tremolite) and
variable amounts of graphite, characterizes the C-
isotope stage 1. On the other hand, low graphite
contents and slightly higher amounts of silicatemin-
erals (quartz and tremolite) characterize C-isotope
stage 2, in which a mimetic behavior between the
Mg/Ca ratios and the C-isotope values is observed.
Finally, C-isotope stage 3 contains low amounts of
graphite and silicate minerals and presents an in-
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Fig. 4 – Cross-plots of isotopic and elemental data from all studied stratigraphic sections. Arrows indicate geochemical postdepositional
alteration trends, showing that most samples fall in the unaltered ﬁelds. Geochemical trends were used as proposed by Derry et al.
(1992), Kaufman et al. (1991, 1993) and Kaufman and Knoll (1995).
creasing tendency in the Mg/Ca ratios, which is less
pronounced in magnitude that those observed in C-
isotope stage 2 (Fig. 6).
In summary, changes in C-isotope chemostrati-
graphic trends keep a co-variationwithMg/Ca ratios
and amount of graphite (Fig. 6). As exposed above,
shifts in the C-isotope composition of carbonates
coincide with changes in the amount of graphite
(Figs. 4, 5) and its distribution in outcrop (Fig. 2).
Low amounts of graphite, disposed in layers, char-
acterize the C-Isotope stage 1, whereas variable
amounts of graphite, disposed in layers and some
times disseminated, are commonly found associated
to C-isotope stage 2. Finally, variable amounts of
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Fig. 5 – C- and O- isotope chemostratigraphic pathways for the studied marble successions. Note the inverse relationship between the
δ13C stratigraphic trends and variations in the graphite content. Elemental stratigraphic variations are also included.
graphite, although less pronounced than those ob-
served in C-isotope stage 2, are found in most of
cases disposed in layers in the stratigraphic interval
corresponding to the C-isotope stage 3.
Sr-isotope Stratigraphy
A composite 87Sr/86Sr curve was constructed
based on the well-constrained C-Isotope composite
chemostratigraphic curve (Fig. 6). 87Sr/86Sr values
averaging 0.706 where found in the lower portion of
the sequence, characterizing the C-isotope stage 1.
Values increase to ∼ 0.707 and then fall again, up
section, to values near 0.706 in the stratigraphic in-
terval corresponding to the C-isotope stage 2, to ﬁ-
nally shift to values ∼ 0.707. In the uppermost
portion of the sequence and coinciding with the C-
isotope stage 3, values decrease to ∼ 0.706, remain-
ing constant through the upper-most portion of the
composite chemostratigraphic curve.
DISCUSSION
Regional Implications of the São Caetano
Complex C and Sr isotope Composition
C- and Sr-isotope composition of carbonate
sequences has been successfully used to correlate
marine carbonate sequences worldwide and to in-
directly constrain their depositional age (Kah et al.
1999, Bartley et al. 2001, among others). The effec-
tiveness of this approach has not only been demon-
strated for limestone sequences, but also on marble
successions, in which the lack of fossils and other
geochronologic indicators make age determinations
rather difﬁcult (Kaufman et al. 1991).
The δ13C secular variation pathways encoun-
An Acad Bras Cienc (2005) 77 (1)
148 JUAN C. SILVA ET AL.
δ18O (‰)PDB
M
es
op
ro
ter
oz
oi
c
Ne
op
ro
ter
oz
oi
c
1
2
3
4
6
δ13C (‰)PDB (%) VOLUME
Qz + Mus + Tr + Gt + Dip
Qz + Mus + Tr
Qz + Mus + Tr + Gt + Dip
Qz + Mus + Tr + Gt + Dip
Qz + Mus
Qz + Mus
Qz + Mus
Qz + Mus + Tr
Qz + Mus + Tr + Dip
Qz + Mus + Tr
Qz + Mus + Tr + Gt
Qz + Mus + Tr
Qz + Mus + Tr
Qz + Mus + Tr
-10 -5 0-4 0 4 0 100.7055 0.7065 0.7075
I
II
III
87Sr/86Sr
Corrected δ18O curveERA Section Corrected δ13C curve Mineral assemblagesGraphite content87Sr/86Sr secular curve Mg/Ca
0 6
ppm X 10 -2
Fig. 6 – C-, Sr- and O- isotope composed chemostratigraphic curve of the São Caetano marble successions. Roman numbers represent
the C-isotope stages 1, 2 and 3 identiﬁed in this study. Perturbations in the 87Sr/86Sr secular variation curve are coincident with
perturbations in the δ13C secular variation curve. No correlation is observed between changes in silicate mineral assemblages and
changes in the isotope curves. Special attention is drawn on the opposite behavior between the graphite content and the δ13C secular
variation curves. In the left most column numbers represent the studied stratigraphic sections: 1. Pedra de Cal, 2. Malutagem, 3. Sitio
dos Nunes, 4. Rodiador, 5. Santa Rosa. In the right column quartz (Qz), muscovite (Mus), tremolite (Tr), diopside (Dip), garnet (Gt).
tered in the SCCmarbles seem to closelymatchwith
those encountered in Meso-Neoproterozoic carbon-
ate sections in Canada and Siberia (Fig. 7) (Knoll et
al. 1995, Kah et al. 1999, Bartley et al. 2001). For
instance, carbonate sequences from Siberia (Bartley
et al. 2001) and Canada (Kah et al. 1999) present
mostly positive δ13C values (∼ +4◦/◦◦ PDB), which
are interrupted by a large depletion towards negative
values (−2.7◦/◦◦ PDB); the latter separated by a large
positive excursion of near ∼ 5◦/◦◦ PDB (from −2.4
to ∼ +2.4◦/◦◦ PDB) (Fig. 7). According to Bart-
ley et al. (2001) such a positive excursion (−2.4
to +2.4◦/◦◦ PDB) marks the Meso-Neoproterozoic
passage (∼ 1 Ga). On the other hand, the age of
the positive isotopic plateau (3-4◦/◦◦ PDB) preceding
the above mentioned positive excursion was con-
strained based on a Pb-Pb isochron for carbonates
fromSiberia, which yield an age of 1.03Ga (Ovchin-
nikova et al. 1995). Additional age data, based on
isotopic analyses of glauconite-illite seriesminerals,
provided an age of near 1.17 Ga for the stratigraphic
levels presenting this isotopic plateau in the Kerpyl
Group, Siberia (Bartley et al. 2001).
Bartley et al. (2001) reported 87Sr/86Sr data
averaging 0.706 from some middle Riphean succes-
sions in Siberia (Turukhansk Uplift, Sukhaya Tun-
guska Formation) and values between 0.706 and
0.7065 from their late Riphean counterparts. These
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data supplemented the data obtained by Kah et al.
(2001), who reported values between 0.7052 and
0.706 from Mesoproterozoic carbonates of the By-
lot Supergroup in Canada, as well as from gyp-
sum successions of the Society Cliffs Formation in
Canada. Nevertheless, Gorokhov et al. (1995) re-
ported increasing 87Sr/86Sr ratios, from 0.706
to 0.7065, obtained in middle-late Riphean (Meso-
Neoproterozoic transition) successions in Siberia.
The 87Sr/86Sr values reported in the literature
for the Mesoproterozoic-Neoproterozoic transition
are quite similar to those for the SCC marble se-
quences (Fig. 7). Although Bartley et al. (2001)
proposed that 87Sr/86Sr values around 0.705 charac-
terize the middle-upper Riphean transition, values
around 0.707 found for SCC marbles are quite sim-
ilar to those reported by Gorokhov et al. (1995)
for the same time span. However, similar values
from the Turukhansk Uplift (Siberia) were consid-
ered by Bartley et al. (2001) as representing post-
depositional alteration.
On the basis of the similarities between the C-
andSr-isotope chemostraigraphic pathways encoun-
tered in the above-mentioned carbonate sequences
and those herein reported from the SCC, a sedi-
mentation spanning from 1.1 to ∼ 0.97 Ga is pro-
posed. This suggests that oceanic conditions likely
dominated part of the Transversal Domain of the
Borborema Structural Province during the Meso-
Neoproterozoic boundary and consequently, that the
Transversal Domain remained as an open oceanic
basin during that time span. This implies that the
proposed landmasses collisional processes associ-
ated to the agglutination of Rodinia supercontinent
(Brito Neves et al. 2000), would have not taken
place before 0.97 Ga in the Transversal Domain.
The same conclusion has been recently reached by
Kröner and Cordani (2003) who envisaged the pos-
sibility of a small and narrow oceanic basin in the
Transversal Domain, during a period of continental
expansion and rifting around 1.0 Ga.
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Global Implications of the Late
Mesoproterozoic- Early Neoproterozoic C
and Sr-Isotope Record
Since changes in the C- and Sr-isotope composition
of seawater havebeen ascribed tomiscellaneous pro-
cesses, a brief discussion about the factors that can
eventually affect such an isotopic composition will
be addressed before discussing the late Meso- early
Neoproterozoic record.
Oscillatory δ13C pathways encountered in car-
bonate sequences worldwide have been attributed,
in the long term, to periods of high tectonic activ-
ity during which inputs and outputs of the available
Corg resulted in changes in the C-isotope compo-
sition of seawater respectively (Derry et al. 1992,
Lindsay and Brasier 2002, Bekker et al. 2003). For
instance, enriched δ13C values have been attributed
to periods of high tectonic activity during which en-
hanced Corg burial causes high levels of oxygena-
tion levels in ocean and atmosphere, as well as high
biologic diversiﬁcation events (Des Marais 1997).
These values are also expected during periods of
high Corg sequestration during widespread subduc-
tion of Corg-rich sedimentary slabs and during
widespread oceanic closure (Lindsay and Brasier
2000, 2002, Bekker et al. 2003). Alternatively, it
has also been proposed that short lasting phenomena
such as upwelling, relative sea level changes, ocean
water stratiphication, amongother, can also generate
ﬂuctuating, environment dependant δ13C pathways
in the sedimentary record as observed in Phanero-
zoic sedimentary succession (Mitchell et al. 1996,
Scholle and Arthur 1980). Oppositely, low δ13C
values are associated to periods of stable tectonics,
in which low Corg burial contribute to the oxidation
and incorporation of the available crustal 12C-rich
organic material being incorporated into the ocean
system (Des Marais 1994, Kah et al. 1999, Bartley
et al. 2001). Depleted δ13C values can be also ex-
pected during periods of oceanic rifting and spread-
ing, as well as during the occurrence of mantle su-
perplumes, in which 13C-depleted volcanic CO2 is
released into the ocean water (Lindsay and Brasier
2000, 2002).
On the other hand, the Sr isotopic composition
of seawater have been associated to diverse phenom-
ena such as mid-oceanic rifting (outgassing), alter-
ation of seaﬂoor basalt and continental crust weath-
ering and associated Sr isotope incorporation into
the ocean via riverine discharge. Under this perspec-
tive, general agreement exists in that low 87Sr/86Sr
values have been associated to mid oceanic volcanic
activity (outgassing) and to alteration of seaﬂoor
basalt, whereas high 87Sr/86Sr values have been as-
sociated mostly to continental weathering (Veizer et
al. 1997).
The Mesoproterozoic seems to have been
a crucial period of the evolution of Earth, during
which strong and global tectonic events (e.g. Green-
ville, agglutination of supercontinentRodinia, wide-
spread rifting) (Hoffman 1999), large Corg seques-
tration through burial and concomitant oceanic re-
dox conditions (Des Marais et al. 1992, Canﬁeld
1998), carbonate saturation of ocean water (Kah et
al. 2001, Bartley and Kah 2003) and biochemical
ecstasy (Knoll 1992) seem to have fashioned the C-
isotope composition of seawater.
Some authors (e.g. Buick et al. 1995, Knoll et
al. 1995, Brasier and Lindsay 1998) have proposed
that tectonic stability, biochemical ecstasy (appear-
ance and diversiﬁcation of Eukaryotes) and oceanic
geochemical quiescence derived from large ocean-
atmosphere equilibrium generated an almost invari-
ant C-isotope composition of the Mesoproterozoic
seawater. Other authors, in contrast, have invoked
the occurrence of enhanced Corg matter burial, oc-
curring during the agglutination of Rodinia, to
explain secular variations in the middle Meso-late
Neoproterozoic δ13C record (Kah et al. 1999, Bart-
ley et al. 2001). Such an enhancement in the Corg
burial would have prevented 12C-richmaterial to ox-
idize and thus, the concomitant incorporation of the
available 12C into the ocean water, generating high
ocean water oxygenation levels that led to an in-
crease in life diversiﬁcation, which in turn, gener-
ated a general δ13C increase in the seawater due to
high 12C biological consumption.
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Alternatively, Bartley and Kah (2003) and
Frank et al. (1997, 2003) proposed that these slightly
ﬂuctuating C-isotope pathways should have been re-
lated to large changes in the biochemical cycles and
in the mass balance between the inorganic (Ccarb)
and organic (Corg) carbon reservoirs; which would
have resulted in 13C depleted-anoxic deep ocean and
13C-rich shallow marine waters.
On the other hand, variation in the Meso-
proterozoic Sr-isotope chemostratigraphic record
has been somehow more understood than the C-
isotope one, despite the scarcity of data. It has been
proposed, for example, that such an increase in the
seawater Sr-isotope composition (from ∼ 0.704 to
∼ 0.707) occurring between the early Mesoprotero-
zoic and early Neoproterozoic seems to have oc-
curred as a result of changes in the global tectonic
activity (Veizer et al. 1992, Hall and Veizer 1996,
Gorokhov et al. 1995, Bartley et al. 2001). For in-
stance, the lowest values observed during the early
Mesoproterozoic have been associated to wide-
spread early Riphean rifting activity (Veizer et al.
1992) whereas the high radiogenic values obtained
for the late Mesoproterozoic- early Neoproterozoic
time span have been attributed to enhanced conti-
nental Sr inputs during the onset of the agglutination
of Rodinia supercontinent and associate orogenic
events (Bartley et al. 2001, Kah et al. 2001).
Based on the published C- and Sr-isotope
database, on the SCC chemostratigraphic record
and on other lines of evidence, it seems that the
late Mesoproterozoic- early Neoproterozoic (1.1-
0.97 Ga) C- and Sr-isotope composition of seawater
would have been primarily controlled by tectonic
activity (Fig. 7). For instance, the positive δ13C
values (3-4◦/◦◦ ) found in middle-middle Riphean
successions worldwide (C-isotope stage 1) (Kah et
al. 1999, Bartley et al. 2001) would have been con-
trolled by a combination of global Corg burial and
sequestration through subduction during the peak
of the Greenville orogeny (∼ 1.1 Ga.), when wide-
spread orogenic belts and subduction zones would
have extensively developed (McLelland et al. 1996).
Such an orogenic peak would have also led to
moderate 87Sr/86Sr values (0.7060) (Gorokhov et al.
1995) in the contemporaneous seawater as a result
of large amounts of juvenile material, generated
during the lower Riphean rifting event, being incor-
porated into the continental margins of the forming
Rodinia supercontinent (Bartley et al. 2001).
In contrast, during the upper middle- late Riph-
ean time, the occurrence of widespread rifting
occurring in the São Francisco Craton (D’Agrella-
Filho et al. 1990) and in between different conti-
nental landmasses (∼ 1.05 Ga) (Kröner and Cor-
dani 2003), including the Transversal Domain in
the BorboremaProvince (e.g. RiachoGravataCom-
plex; Brito Neves et al. unpublished data) as well
as the apparition of several continental margin mag-
matic arcs (e.g. Cariris Velhos, Sri Lanka) (Kröner
et al. 2003, Kröner and Cordani 2003, Brito Neves
et al. unpublished data) would have considerably
affected the C- and Sr- seawater isotope composi-
tion (Fig. 7). The former tectonic event would have
generated the decreasing δ13C trends (from +2 to
−2◦/◦◦ ) observed in unmetamorphosed sequences
(Knoll et al. 1995, Kah et al. 1999, Bartley et al.
2001) and those observed in metamorphosed ones
(lowermost portion of the C-isotope stage 2), as a
consequence of the large addition of 13C depleted
CO2 during oceanic rifting. Additionally, this phe-
nomenon would explain the low 87Sr/86Sr values
(0.705-0.706) encountered for the same time span
as a result of addition of large volumes of oceanic
(juvenile) crust (Fig. 7) (Gorokhov et al. 1995, Bart-
ley et al. 2001).
The occurrence of the above mentioned conti-
nental margin magmatic arcs (1.0 Ga), in contrast,
would have caused the observed δ13C positive excur-
sion (Knoll et al. 1995, Kah et al. 1999, Bartley et
al. 2001) during themiddle interval of the C-isotope
stage 2. This short lasting and sharply positive ex-
cursion would have been the result of the extensive
sequestration of Corg-rich materials, through burial
and subduction, during a period of global sea level
rise (Knoll et al. 1995, Li et al. 2003); which would
have caused the C-isotope composition of seawa-
ter to ﬂuctuate. In other words, the increasing 13C
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enrichment, which resulted from Corg sequestration,
would have rapidly shifted back towards the nega-
tive values observed below such a positive excursion
as a result of a sea level rise. Finally, this continental
margin magmatic arc and related mountain building
would have invigorated the exumation of continen-
tal crust material, causing a slight increase in the
87Sr/86Sr values to 0.7070 as well (Fig. 7).
The negative δ13C values (∼ −2◦/◦◦ ) that
characterize the middle-upper portion of the C-
isotope stage 2, which then shift back towards pos-
itive values (∼ +3◦/◦◦ ) in its upper most part and
ﬁnally reach ∼ +3.7◦/◦◦ in the C-isotope stage 3
characterize the early-middle Upper Riphean time
and are interpreted here as the conjugation of the two
following factors: (a) the continuing sequestration
through subduction of 12C-rich continental derived
material, associated to the onset of the above men-
tioned continental margin magmatic arc (1.0 and
0.97 Ga.) (Kröner et al. 2003, Kröner and Cor-
dani 2003), and (b) enhanced global sea level fall
(Fig. 7).
From this panorama, it can be concluded that
the C- and Sr- secular variation curves for the
SCCand, in general, the lateMezoproterozoic- early
Neoproterozoic C and Sr-isotope curve, seem to
represent variations in the original geochemistry of
seawater, which in turn would have been controlled
by worldwide major tectonic events during its depo-
sition (e.g. peak of the Greenville orogeny (1.1 Ga),
oceanic rifting activity (1.05 Ga) and continental
magmatic arc formation (= Cariris Velhos event;
1.0-0.85 Ga). The same kind of mechanisms were
evoked by Lindsay and Brasier (2002) to explain
perturbations in the C-isotope composition of sea-
water during the Paleoproterozoic, period during
which tectonic activity produced noticeable shifts in
the seawater geochemistry after a period of appar-
ent geochemical quiescence. Hence, major tectonic
episodes must be regarded as primordial factors ca-
pable to control and modify the global C-cycle and
thus the C- and Sr-isotope composition of seawater
through time.
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RESUMO
Valores de isótopos de C e 87Sr/86Sr de cinco seqüên-
cias de carbonatos do Complexo São Caetano, nordeste
do Brasil; foram usados para estimar a sua idade de de-
posição e relacionar variações da composição isotópica
na água do mar com eventos tectônicos globais. Três es-
tágios de variação de isótopos de carbono foram identi-
ﬁcados de base para o topo numa seção quimioestrati-
gráﬁca composta: (1) estágio em que δ13C varia de +2
a +3.7◦/◦◦ PDB (media 3◦/◦◦ PDB), (2) estágio no qual
δ13C varia consideravelmente (de −2 a +3◦/◦◦ PDB) e
(3) estágio apresentando valores constantes de cerca de
+3.7◦/◦◦ PDB. Valores de 87Sr/86Sr ∼ 0.70600 carac-
terizam o estágio isotópico 1, tornando-se mais variáveis
no estágio isotópico 2 (entre ∼ 0.70600 e ∼ 0.70700).
Finalmente, valores em torno de 0.70600 caracterizam o
estágio isotópico 3.
A quimioestratigrafía de C e Sr permite concluir que: (a)
as curvas de variação seculares dos carbonatos do Com-
plexo SãoCaetano registramﬂutuações primárias na com-
posição isotópica de C e Sr da água do mar durante a pas-
sagem Meso-Neoproterozóico na Província Borborema;
(b) o ciclo orogênico Cariris velhos/Greenville, a ocor-
rência de rifteamento e formação de arcos magmáticos
continentais, e a formação do supercontinente Rodinia,
controlaram a composição isotópica de C e Sr da água do
mar durante os estágios isotópicos 1, 2, 3.
Palavras-chave: isótopo de carbono, Meso-Neoprote-
rozóicos, quimioestratigraﬁa, Província Borborema, nor-
deste brasileiro.
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